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Abstract
KINETICS, SYNTHESIS AND CHARACTERIZATION OF HOMO AND BLOCK COPOLYMERS BY ATOM TRANSFER RADICAL POLYMERIZATION Radical polymerization has been most widely employed in industrial and laboratory scale processes for polymer synthesis, because of its tolerance to wide variety of functional groups, protic solvent such as water as a reaction medium, high reaction rate, a polymerization temperature usually higher than ambient, and other advantages. 1 Unlike ionic reaction intermediates, however, the growing radical species therein usually suffers from bimolecular termination reactions such as radical recombination and disproportionation. So, the radical polymerization technique is considered unsuitable for precision polymer synthesis, in contrast to the ionic counterparts where the growing species are inherently repulsive to each other. One of the most effective methods for precise polymer synthesis is "living" polymerization, the first example of which discovered by Szwarc et al in the anionic polymerization of styrene 2 with sodium naphthanelide in 1956. Living polymerization is free from side reactions such as termination and chain transfer and can thus produce polymers with well-defined compositions, architectures, and functionalities, with predictable molecular weights, i.e., one polymer chain produce one initiator molecule and narrow molecular weight distributions was achieved by rate of initiation (k i ) faster than or at least comparable to the rate of propagation (k p ). However living anionic polymerization was limited to nonpolar hydrocarbon monomers such as styrenes and 1, 3 dienes at first and recently extended to polar monomers such as (meth)acrylates and other functional monomers. 3-5 However, the need for high-purity of monomers, solvents, and reagents, coupled with low temperatures usually required, makes ionic polymerizations relatively difficult. Other living polymerizations, including cationic, coordination, ring-opening, and ring-opening metathesis for which precise polymer synthesis had been difficult for some times. In the past decade, the development of the controlled/"living" radical polymerization (CRP) techniques allows the synthesis of polymers under less vigorous conditions. Stable free radical polymerization (SFRP) 6 , atom transfer radical polymerization (ATRP) 7 , and reversible addition-fragmentation and chain transfer polymerization (RAFT) 8 are the most widely studied CRP techniques. FIGURE-FILENAME = a101_figureNO1.jpg" target="_blank"> Figure Recently ATRP has emerged as a versatile and convenient method for the synthesis of polymers with good control of the molecular weight and relatively low polydispersities. Atom transfer radical polymerization (ATRP) proceeds through halogen (or pseudo-halogen) abstraction from an alkyl (pseudo)-halide by a metal in a lower oxidation state to produce an active radical and a higher oxidation state metal (k a o ). The active radical can either add to monomer (k i ) or deactive to regenerate the metal in a lower oxidation state and a dormant species (k d 0 ). Similar activation/deactivation of the dormant species occurs during reinitiation and propagation. The proportion of terminated chains relative to the total concentration of propagating chains (the sum of active and dormant species) in ATRP is relatively small (5-10%) compared with the free radical polymerization. The rate of deactivation (k d o ) is several orders greater than rate of activation (k a o ), which leads to very low concentration of radicals during the polymerization and minimizes the side reactions such as termination and chain transfer (Scheme 1). The ratio of activation/deactivation is given by the equilibrium constant, K eq = k a /k d . The rate of polymerization is dependent on the rate constant of propagation for a given monomer and the equilibrium constant of the activation/deactivation step as well as the concentration of monomer, initiator (growing chains), catalyst (metal ions & ligands), and deactivator are given in Eq 1. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a101_figureNO2.jpg" \t "_blank​) The initiating system for the metal-catalyzed living radical polymerization consists of a metal complex (combination of transition metal ions with suitable ligands) and an initiator; the former allows the generation of radical species from the initiator or dormant polymer chain ends. The choice of the metal ions, ligands, initiators, solvents and the monomer structures play an important role in the atom transfer radical polymerizations. The rate and control of polymerization could also be varied by the addition of other compounds, such as additives and deactivators. One of the most important components in the ATRP process is the transition metal complex. The transition metal complexes, to generate growing radicals, the metal center should undergo an electron transfer reaction with an abstraction of (or pseudo) halogen and expansion of the coordination sphere with higher oxidation state. The oxidized transition metal should rapidly deactive the propagating polymer chains to form the dormant species. In general, the catalytic activity increases with increasing electron density of the metal center or with decreasing redox potential of the complex. Ruthenium, iron, molybdenum, chromium, rhenium, rhodium, nickel, palladium, and copper are used as catalysts. Copper catalyst is most widely used in ATRP for polymerization of various classes of monomers. The main role of the ligand in ATRP is to solubilize the transition-metal salt in the organic media and to adjust the redox potential 9 of the complex for appropriate reactivity and dynamics for the atom transfer. Nitrogen based ligands are most widely used with copper catalyst systems. Phosphorous-based ligands in conjunction with rhenium, ruthenium, iron, rhodium, nickel and palladium have also been studied. The type of ligand structure is important, as they could fine-tune selectivities and force the complex to participate in one electron transfer process. Another class of ligands based on immobilized catalysts has been studied in ATRP for easy removal of the catalyst from the products. The use of several silica-based materials such as silica gels, silica powder, fumed silica (aerosil), and Merrifield resins resulted in uncontrolled polymerization of acrylates, (meth)acrylates, and styrenes. Unsupported catalysts can be removed from the polymer by precipitation of polymers, passing through the alumina column using an absorbent and ion-exchange resins. The role of initiator in ATRP is to form an initiating radical via homolytic cleavage of its labile bond such as C-X (X = halogen) by the metal catalyst. The concentration of initiator used for polymerization determines the molecular weight of the polymers. Fast initiation is important to obtain well-defined polymers with narrow molecular weight distributions. A variety of initiator classes, halogenated alkanes, benzylic halides, allyl halides, ? -haloesters, ? -haloamides, ? -haloketones, ? -halonitriles and sulfonyl halides are employed. The important parameter to control the reaction is (a) initiation should be fast in comparison with propagation, (b) probability of the side reactions should be minimized. Halogen end groups can be replaced by many synthetic methods to provide more useful functionalities and provide halogen-free products. 10 There are many multi-functional activated halides, which enable simultaneous growth of chains in several directions, leading to star, comb, dendri graft, and brush macromolecules. ATRP can be carried out either in bulk, in solution, or in a heterogeneous system (emulsion, suspension). Various solvents such as benzene, toluene, xylene, anisole, diphenyl ether, ethyl acetate, acetone, dimethyl formamide, ethylene carbonate, propylene carbonate, alcohols, carbon dioxide, and many others have been used for the polymerization of different monomers. Ethylene carbonate solution polymerization of n-butyl acrylate was found to proceed much faster than in the bulk. 11 Also, a similar rate enhancement in polar media such as water and alcohols was observed in hydrophilic and hydrophobic monomers. A structural change from a dimeric halogen-briged Cu(I) species in the bulk system to a monomeric Cu(I) species in solution (ethylene carbonate, dipheyl ether) was proposed to explain the rate difference. Various monomer classes such as styrenes, (meth)acrylates, (meth)acrylamides, dienes, acrylonitrile, and other functional monomers, have been successfully polymerized using ATRP. Generally, ATRP are carried out at high temperatures in bulk, aqueous or non-aqueous media. ATRP is particularly effective for hydrophilic monomers in aqueous media under mild conditions or at room temperature. 12 Based on the above literature findings, the present investigation has been focused to study the kinetics, synthesis, and characterization of homo and block copolymers by controlled/"living" atom transfer radical polymerization technique. Accordingly, the present work consists of three parts: # Kinetics, synthesis and characterization of glycidyl methacrylate at ambient temperature by using copper(I)/N-alkyl-2-pyridylmethanimine ligands. The characterization of the polymers was carried out by FT-IR, 1 H & 13 C NMR, GPC, ESI MS, TG/DTA and DSC. # Kinetics, synthesis and characterization of t-butyl methacrylate by atom transfer radical polymerization. The diblock copolymers of PSt-b-Pt-BMA were synthesized by using PSt macroinitiator. The homopolymer, diblock copolymer, and their hydrolyzed products were characterized by FT-IR, 1 H & 13 C NMR, GPC, TG/DTA, and DSC. # Kinetics, synthesis and characterization of amphiphilic poly(ethylene oxide) block copolymers by atom transfer radical polymerization. The macroinitiators and their block copolymers were characterized by FT-IR, 1 H & 13 C NMR, MALDI TOF-MS, GPC, TG/DTA, DSC and SEM. PART I Kinetics, Synthesis and Characterization of Glycidyl Methacrylate by Atom Transfer Radical Polymerization A series of Schiff base ligands were prepared by condensation of primary amines with pyridine-2-carboxaldehyde, in quantitative yield with relatively short reaction times. The presence of characteristic absorption band around 1650 cm -1 (CH=N) and disappearance of ester group (1712 cm -1 ) in FT-IR spectroscopy confirms the formation of the ligand. These ligands were used as an efficient atom transfer radical polymerization catalysts for glycidyl metahacrylate at ambient temperature as reported by us. 13 The detailed kinetics was studied on the effect of initiator concentrations, various initiator types, solvents, ligand chain length, ligand concentration, temperature and effect of counterions. The living polymerization was confirmed by extension of polymerization in sequential monomer addition technique. The end groups of these polymers were characterized by electro spray ionization mass spectroscopy, which showed the presence of bromine as end groups in the polymer chains. Thermal degradation of PGMA synthesized by ATRP with CuBr/PPMI catalyst system and BPN initiator shows single step degradation around 400 0 C, which is originating from random scission of polymer chain. This result further indicates the absence of abnormal linkages, such as head-to-head, and vinylidene end groups in these polymers. This confirmation showed high regioselectivity and complete absence of termination reactions when using the CuBr/BPN system. The polymers were also characterized by FT-IR, 1 H & 13 C NMR, and DSC studies. PART II Kinetics, Synthesis and Characterization of t-Butyl Methacrylate by Atom Transfer Radical Polymerization The kinetics of t-butyl methacrylate was carried out by using various multidentate nitrogen based ligands, solvents and initiator systems. Controlled/"living" polymerization of t-BMA was achieved in methanol solution polymerization and the M n,(GPC) values are much lower than the M n,(th) values. The addition of deactivator (CuBr 2 ), leads to slower rate of polymerization and M n,(GPC) values close to the M n,(th) values were observed. The detailed kinetic results were discussed in the thesis. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a101_figureNO3.jpg" \t "_blank​) Diblock copolymers of PSt-b-Pt-BMA were synthesized by using PSt-Br macronitiator in conjunction with CuCl/PMDETA catalyst system in bulk polymerization. When we are using CuBr instead of CuCl the gel permeation chromatograph (GPC) traces of the resulting PSt-b-Pt-BMA diblock copolymers showed a bimodal distribution and the shoulder on the low molecular weight tail exhibited the same molecular weight as the macroinitiator. This indicates that the chain extension was incomplete as a significant amount of PSt macroinitiator was present in the block copolymer. The hydrolysis of poly(t-butyl methacrylate) gave a well-defined polymethacrylic acid (Scheme 2). The synthesized homo and block copolymers were characterized by FT-IR, 1 H & 13 C NMR, TG/DTA and DSC techniques. 
PART III 
Kinetics, Synthesis and Characterization of Amphiphilic Poly(ethylene oxide) Block Copolymers by Atom Transfer Radical Polymerization Synthesis and characterization of poly(ethylene oxide) telechelic macroinitaitors Poly(ethylene oxide) macroinitiators were prepared from commercially available poly(ethylene glycol) of various number-average molecular weights and 2-halo propionyl chloride using Triethylamine (TEA) as a base. 14 The macroinitiators were characterized by FT-IR, 1 H & 13 C NMR, MALDITOF mass spectrometry, TG/DTA and DSC techniques. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a101_figureNO4.jpg" \t "_blank​) Kinetics, Synthesis and Characterization of Amphiphilic PMMA-b-PEO-b-PMMA Triblock Copolymers. ABA triblock copolymers of poly(ethylene oxide) with methyl methacrylate (MMA) were prepared by atom transfer radical polymerization in bulk and various solvents using a difunctional PEO macroinitiator and Cu(I)X with linear multidentate amine ligands as a catalyst at 90 o C 15 (Scheme 3). The polymerization proceeded via controlled/"living" process and the molecular weights of the obtained block copolymers increases linearly with monomer conversion and the polydispersity decreases and finally reaches a value of M w /M n < 1.3. The polymerization followed the first-order kinetics with respect to monomer concentration and increasing the EO repeating units or chain length in macroinitiator decreases the rate of the polymerization. The rate of polymerization of MMA with PEO chloro macroinitiator and CuCl proceeds at an approximately half the rate of the bromo analogous. While comparing the rate of polymerization in bulk and various solvents, the ethylene glycol solution polymerization was observed to proceed at faster rates, reduced control, higher polydispersities (M w /M n > 2), and deviation from the first-order kinetics. This result suggests that the solution polymerization in ethylene glycol some terminations or transfer reactions are likely taking place. In bulk polymerization, the M n,(GPC) values were very close to the theoretical line, whereas in solution polymerizations M n,(GPC) below the theoretical line were observed. The DSC thermograms exhibited two glass transition temperatures (T g ) at -17.7 and 92 o C for PEO and PMMA blocks respectively, which indicates that the microphase-separated between the PEO and PMMA domains in the block copolymer. The triblock copolymers were characterized by FT-IR, 1 H & 13 C NMR, GPC, TG/DTA, and SEM analysis. 
Kinetics, Synthesis and Characterization of P(nBMA)-b-PEO-b-P(nBMA) Triblock Copolymers by Atom Transfer Radical Polymerization The above synthesized poly(ethylene oxide) telechelic macroinitiator was used to prepare the synthesis of P(nBMA)-b-PEO-b-P(nBMA) triblock copolymers. These triblock copolymers were characterized by FT-IR, 1 H & 13 C NMR, GPC, TG/DTA, DSC and SEM analysis. STRUCTURE OF THE THESIS 
The proposed thesis is presented in seven chapters. The first chapter reviews the literature on living radical polymerization with special emphasis on atom transfer radical polymerization. The kinetics, synthesis, and characterization have been reviewed in the first chapter, followed by the scope and objectives of the present investigation in the second chapter. The general polymerization procedures and their characterization using various analytical methods are described in chapter three. The fourth chapter deals with a detailed kinetic investigation of glycidyl methacrylate by controlled/"living" atom transfer radical polymerization and their characterization. Kinetics, synthesis, and characterization of t-butyl methacrylate, and their PSt-b-Pt-BMA diblock copolymers have been discussed in the fifth chapter. The kinetics, synthesis and characterization of amphiphilic poly(ethylene oxide) block copolymers by atom transfer radical polymerization are presented in chapter six. The summary of the thesis work is highlighted in the final chapter, which is followed by the list of references. 


